We demonstrate the enhanced fast photoresponsivity in graphene hybrid structures by combining the ultrafast dynamics of graphene with improved light-matter interactions in slow-light photonic crystal waveguides. With a 200 lm interaction length, a 0.8 mA/W photoresponsivity is achieved in a graphene-silicon Schottky-like photodetector, with an operating bandwidth in excess of 5 GHz and wavelength range at least from 1480 nm to 1580 nm. Fourfold enhancement of the photocurrent is observed in the slow light region, compared to the wavelength far from the photonic crystal bandedge, for a chip-scale broadband fast photodetector. V C 2016 AIP Publishing LLC.
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The optical bandwidth of solid-state group IV and III-V photodetectors is bounded by the semiconductor material band gap, and is typically weak for photon energy below the band gap or longer wavelengths. Concurrently, the intrinsic temporal photoresponse bandwidth is determined by the carrier mobilities and recombination timescales, with or without external applied bias electric fields. The unique optoelectronic properties of graphene, such as wavelengthindependent absorption, remarkably high carrier mobility (%200 000 cm 2 v À1 s
À1
) in a single atomic layer crystal, which make it a potential material platform for high performance optoelectronic devices, [1] [2] [3] [4] [5] [6] [7] [8] including ultrafast photodetectors. A photodetector based on graphene is demonstrated for the high bandwidth 40 GHz operation, with a photoresponsivity of 0.5 to 6.1 mA/W. 9, 10 The structures of graphene photodetectors on chip are mainly graphene transistors on substrate and suspended, graphene p-n and p-i-n junctions, along with graphene on nanowires and graphene/ silicon heterostructure waveguides. [11] [12] [13] [14] [15] [16] [17] The main mechanisms such as the photovoltaic and photo-thermoelectric effects in these devices were recently reviewed in Ref. 18 .
Although a single layer graphene absorbs only 2.3% of light, the photodetection efficiency has been significantly enhanced by waveguide integration or structural resonance such as Fabry-Perot and photonic crystal microcavities or plasmon resonances in the visible wavelengths. [19] [20] [21] [22] [23] The photoresponsivity has been enhanced to a very high level through the introduction of electron trapping centers, band gap engineering in high-purity monolayer graphene, and integrating an energy filtering barrier. 24, 25 Remarkably, a photoresponsivity as high as 10 7 A/W is obtained in graphene phototransistors with colloidal quantum dot films or graphene/MoS 2 heterostructures. 26, 27 The photoexcited ultrafast dynamics is also investigated experimentally. Dynamical response times down to 2.1 ps and bandwidths up to %262 GHz are obtained in metal-graphene-metal photodetectors along with other approaches. 17, [28] [29] [30] Here we experimentally demonstrate a graphene Schottky-like photodetector integrated on a slow-light photonic crystal waveguide (PhCWG). Aided by the broadband absorption of graphene, large carrier mobility, as well as the slow-light enhanced light-matter interaction of the graphene-silicon hybrid structure, we achieve %4 times higher photoresponsivity enhancement compared to the region without slow light enhancement, based on the group index. We observed an operating bandwidth in excess of 5 GHz, covering the wavelength from 1480 nm to 1580 nm, and a photoresponsivity of 0.8 mA/W. Fig. 1(a) shows the schematic of the graphene PhCWG. The line-defect PhCWG is fabricated on a doped silicon-oninsulator (SOI) wafer with deep ultraviolet lithography followed by reactive ion etching and buffered hydrofluoric wet etch, forming a 200 lm long air-bridged waveguide with an effective cross-sectional mode area about 0.55 lm 2 . Chemical vapor deposited single layer graphene is wet-transferred onto the PhCWG, coupling to the PhCWG evanescent field. A Schottky barrier is formed at the graphene-silicon interface when the single layer graphene is contacted with the p-type region and n-type region of the silicon substrate, as shown in Figs. 1(a) and 1(c). [31] [32] [33] [34] The corresponding energy-band diagrams are shown in Fig. 1(b) . The diagram on the left side of Fig. 1(b) is the energy-band diagram of graphene p-typesilicon junction at thermal equilibrium; the right one shows the energy-band diagram when graphene contact with the n-type silicon under reverse bias. E F is the Fermi level, U bp /U bn is the Schottky barrier of graphene p-type/n-type junction, and V bias is the bias voltage. The excited photon energy is around 0.8 eV (1550 nm), which is smaller than the band gap of silicon. Photons absorbed by graphene layer excited electron transitions directly from valence band to conduction band, generating electron-hole pairs. 34 When a)
Authors to whom correspondence should be addressed. Electronic addresses: zhoufirst@scu.edu.cn; tg2342@columbia.edu; and cheewei.wong@ucla.edu 0003-6951/2016/108(11)/111106/5/$30.00 V C 2016 AIP Publishing LLC 108, 111106-1 the photon energy is higher than the Schottky barrier, the photogenerated carriers vertically pass through the graphene layer and is absorbed by Si, forming the photocurrent. 31 The mechanism of graphene-silicon Schottky diode has been discussed in detail in Refs. 31-34; here, we mainly focus on the slow-light enhanced photoresponsivity in graphenePhCWG. Fig. 1(d) is the scanning electron microscopy (SEM) of a fabricated device, with two single line-defect PhCWGs, or two graphene-Schottky-like detectors in series. The coverage of the graphene on the PhCWG can be seen in Fig. 1(d) . The waveguide is well covered by monolayer graphene, including the p-and n-doped area, enabling the current conduction and the interaction between graphene layer and evanescent field. The few photonic crystal holes with the bright white edges are not covered by graphene, due to the discontinuous regions of graphene during transfer. The photoresponsivity affected by these small regions is negligible. Fig. 2(a) shows the transmission of the graphene-PhCWG measured with amplified spontaneous emission (ASE) light source and optical spectrum analyzer. The group indices are measured by phase-delay method with fit shown by the orange dashed curve, 35 increasing from 12 to about 65 from 1530 nm to 1562 nm. Simultaneously, the transmission of the graphenePhCWG decreases by about 30 dB.
The photocurrent of our photodetector is examined by using an ASE light source (Thorlabs ASE-FL7002 from 1530 nm to 1610 nm), a tunable continuous-wave (CW) laser (Ando AQ4321 from 1480 nm to 1580 nm), and modelocked pulse fiber lasers with 39.1 MHz and 5 GHz repetition rates, pulse widths %3 ps, and 1550 nm center wavelength. The photocurrent is measured with a sensitive ampere meter (Agilent 34401 A), and the DC bias voltages are applied via aluminum electrodes contacted to the p þ area with conductive micro-probes [inset in Fig. 1(a) ], and grounded at n þ area. All measurements are performed at room temperature under ambient conditions. Fig. 2(b) shows the photocurrent response under the continuous-wave ASE excitation. We test the photoresponse as a function of bias voltage when injecting ASE light. The incident light is injected by a lensed fiber (coupling loss %3 dB) located on the right side of the chip. Then, the light is coupled into the detector through a silicon coupler connected to the detector, with a coupled power into the waveguide at about 2.5 mW. The red filled and black open squares show the respective photocurrent and dark currents as a function of bias voltages. The current starts to arise around þ0.5 V bias and increases quickly. The inset figure shows the current on a logarithmic scale. As the silicon detector can work when the energy of incident light below the band gap because of surface state absorption, 36 control experiment is performed without graphene. We emphasize that no photocurrent response is detected when we inject the ASE light into the same waveguide before graphene transfer, due to the sensitivity limitation of the ampere meter. While photocurrent response clearly observed after graphene transfer confirms that the responses we observed are from graphene-PhCWG hybrid structure, not from the silicon PhCWG.
Next, with the input power fixed at 2.5 mW, we measure the responsivity as a function of input wavelengths as shown in Figs. 3(a) and 3(b) , for À4 V and þ1 V bias voltages. Tunable laser light is used in this case. In both cases, we observe that the photoresponsivity increases when the input wavelength is tuned from 1480 nm to 1580 nm, and reaches its maximum value of %0.8 mA/W at around 1562 nm. This corresponds to the wavelength in which the highest group index is measurable. Then, the responsivity decreases when the wavelength continues to longer wavelength since the light is scattered when the laser wavelength is outside the transmission band. As the slow light effect enhances the light-mater interaction, the group index scaling of the absorption can be defined as a 0 ¼ a Gr
, where a Gr is the absorption efficiency of graphene. The electron-hole pair production rate can be defined as G ¼ U 0 a 0 expðÀa 0 LÞ, 37 where U 0 is the incoming photon flux and L is the propagation length. Hence, the higher group index results in higher photo response. The change of the responsivity matches the group index wavelength scaling, indicating the increasing group index enhances the absorption of the graphene layer. Fig. 3(c) plots the responsivity as a function of input power at 1 V bias voltage. The slope of the two data sequences shows the responsivity at 1530 nm and 1560 nm input wavelength is about 0.20 mA/W and 0.36 mA/W, respectively.
The wavelength band close to the higher group index has a higher slope, further verifying that the response is enhanced by slow-light effect. The step-like increment in Fig. 3(c) arises from the discretization of the current meter. The responsivity located at high group index band (1560 nm, n g ¼ 55) is about 2 times higher than the responsivity located at low group index band (1530 nm, n g ¼ 12). Compare to an even lower group index band around 1480 nm, the responsivity is increased by about 4 times with the slow-light enhanced light-matter interactions, which is also shown in Fig. 3(b) . The temporal dynamical response of the graphenePhCWG is measured by a frequency spectrum analyzer (Anritsu, MS2721A), as shown in Fig. 4 . We inject modelocked fiber laser pulses (repetition rate 39.1 MHz, pulse width %3 ps, average power %2.5 mW, and wavelength at 1550 nm) into the device, and monitor the response as a function of bias voltages. We test the fast response under 5 GHz repetition rate pulses injection. The response peak is clear and sharp at about À95 dBm, which is about 10 dB lower than 39.1 MHz pulse laser injection, as shown in Fig.  4(b) , the other lower peaks are caused by low frequency noise. Figs. 4(a) and 4(b) indicate the detector has a better performance at lower frequency range. Compare the signal level to noise level, we could deduce that the detector has a detectivity of about À9 dBm (at 5 GHz) and À35 dBm (at 39.1 MHz). Limited by the repetition rate of the modelocked laser and the spectrum range of the frequency analyzer, we did not measure higher repetition rates but prove our graphene-PhCWG device can act with at least 5 GHz detection. When increasing or reversing bias voltage, the response goes up from À105 dBm to about À72 dBm, and then reaches the highest level around þ3 V and À4 V, as shown in Fig. 4(c) . This result matches the responsivity versus bias voltage curves in Fig. 2(b) . For present structure, the slow light effect will slow down the operation speed. There will be photocurrent when the incident light travels along the waveguide, and the current will last longer if the light goes slowly in the waveguide, equivalently slow down the operation speed.
In conclusion, in this work, we demonstrate a fourfold enhancement of the photoresponsivity in a slow-light graphene-silicon PhCWG on-chip. Compared to single-pass or graphene channel waveguide structures, the absorption efficiency is increased as the slow-light effect enhances the interaction between evanescent light field and graphene atomic layer. Measured photoresponses are observed from 1480 nm to 1580 nm band, with at least 5 GHz dynamical bandwidth achieved in our graphene-silicon device. The highest responsivity of about 0.8 mA/W is observed at the highest group index band around 1562 nm. The performance could be further improved by optimizing graphene coverage and multi-layer graphene transfer and the tradeoff between operation bandwidth and responsivity. The slow-light graphene-silicon device here demonstrates a feasible way to enhance the photoresponsivity, suggesting an alternative architecture in chip-integrated fast photodetectors. 
